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ABSTRACT
We present optical and near-infrared observations of a low-luminosity Type IIP supernova (SN) 2016bkv from
the initial rising phase to the plateau phase. Our observations show that the end of the plateau is extended
to &140 days since the explosion, indicating that this SN takes one of the longest time to finish the plateau
phase. among Type IIP SNe (SNe IIP), including low-luminosity (LL) SNe IIP. The line velocities of various
ions at the middle of the plateau phase are as low as 1,000–1,500 km s−1 , which is the lowest even among LL
SNe IIP. These measurements imply that the ejecta mass in SN 2016bkv is larger than that of the well-studied
LL IIP SN 2003Z. In the early phase, SN 2016bkv shows a strong bump in the light curve. In addition, the
optical spectra in this bump phase exhibit a blue continuum accompanied with a narrow Hα emission line.
These features indicate an interaction between the SN ejecta and the circumstellar matter (CSM) as in SNe
IIn. Assuming the ejecta-CSM interaction scenario, the mass loss rate is estimated to be ∼1.7 × 10−2 M⊙ yr−1
within a few years before the SN explosion. This is comparable to or even larger than the largest mass loss rate
observed for the Galactic red supergiants (∼10−3 M⊙ yr−1 for VY CMa). We suggest that the progenitor star of
SN 2016bkv experienced a violent mass loss just before the SN explosion.
Keywords: supernovae: general – supernovae: individual (SN 2016bkv)
1. INTRODUCTION
Type IIP supernovae (SNe IIP) are characterized by hydro-
gen features in their early-phase spectra and the ‘plateau’ in
their optical light curves lasting for ∼100 days (Filippenko
1997). SNe IIP represent the most common class of SNe
and occupy ∼ 70% of core-collapse SNe within 60 Mpc
(Li et al. 2011; Graur et al. 2017; Shivvers et al. 2017). The
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observational properties of SNe IIP show various diversities,
for example, in the durations of the plateau and the shapes
of the initial light curves (Anderson et al. 2014; Faran et al.
2014; Sanders et al. 2015; Pejcha & Prieto 2015; Valenti et al.
2016). So far, clear early-phase bump features have been
found in several SNe II (e.g., Khazov et al. 2016). The
early bump emission can be explained by the interaction be-
tween the SN ejecta and the circumstellar medium (CSM),
which is originated from a stellar wind of the progenitor star
(Moriya et al. 2017; Morozova et al. 2017; Yaron et al. 2017;
Dessart et al. 2017). These diversities may well be related to
different natures of their progenitors.
The absolute magnitudes in the plateau phase also show
a large variety, ranging from ∼ −14 to ∼ −17 mag
(Anderson et al. 2014). Note that this range is derived in-
cluding some SNe IIL, which tend to show the brightest lu-
minosities in the sample (i.e., ∼−17 mag; Bose et al. 2015).
In this paper, we refer to typical SNe IIP with the absolute
plateau magnitudes of ∼−16 or −17 mag as ‘normal SNe
IIP’. In the past ∼20 years, a subclass of faint SNe IIP has
been recognized, called low-luminosity SNe IIP (LL SNe IIP;
Pastorello et al. 2004). A typical luminosity of LL SNe IIP
is lower than those of normal SNe IIP by 2–3 mag. Typi-
cal velocities of the absorption lines are also lower than those
of normal SNe IIP by a factor of 3–4 (Pastorello et al. 2004).
The origin of these LL SNe IIP is still under debate: They
may be either originated from weak explosions of the less
massive stars (∼9 M⊙) or failed explosions of the massive
stars (∼25 M⊙) (Turatto et al. 1998; Chugai & Utrobin 2000;
Kitaura et al. 2006). To date, several LL SNe IIP have been
well studied (e.g., Turatto et al. 1998; Pastorello et al. 2004;
Spiro et al. 2014; Lisakov et al. 2017, 2018). However, the
sample covering both the initial rising phase and the tail after
the plateau phase is still small. Especially, the observations in
near-infrared (NIR) wavelengths are still rare for LL SNe IIP.
In this paper, we present our observations of a LL SN
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IIP 2016bkv. SN 2016bkv was discovered by Koichi Ita-
gaki on 2016 Mar 21.7 (UT) (Itagaki 2016). At two days
after the discovery, this SN was classified as an SN II, by
the spectral similarity to SN IIn 1998S (Hosseinzadeh et al.
2016). Interestingly, this SN shows an unusually strong ini-
tial bump in the light curves. The host galaxy, NGC 3184,
is a face-on spiral galaxy and known to be an active SN fac-
tory in the last 100 years (e.g., SNe 1921B, 1921C, 1937F and
1999gi; Leonard et al. 2002b), The distance to the host galaxy
is assumed to be 12.3 ± 2.2 Mpc, adopting the mean redshift-
independent distance reported in the literatures (via NED15).
The explosion date is assumed to be 2016 Mar 20.4 ± 1.3, as
constrained by the last non-detection date (Mar 19.1) by Katz-
man Automatic Imaging Telescope (KAIT). Throughout the
paper, the observation epoch is given with respect to the es-
timated explosion date. Hosseinzadeh et al. (2018) presented
optical light curves and spectra of SN 2016bkv, and discussed
the nature of the explosion and progenitor using models of
nebular spectra. Our paper provides complementary data in-
cluding optical and NIR light curves with a longer plateau
coverage.
This paper is organized as follows. In § 2, we describe our
observations and data reduction. In § 3 and 4, we show pho-
tometric and spectroscopic properties of SN 2016bkv, respec-
tively. We discuss the nature of this object in § 5, and finally,
we give conclusions in § 6
2. OBSERVATIONS AND DATA REDUCTION
The optical imaging data were obtained using the
Hiroshima One-shot Wide-field Polarimeter (HOWPol;
Kawabata et al. 2008) and the Hiroshima Optical and Near-
InfraRed Camera (HONIR; Akitaya et al. 2014). These in-
struments were installed into the 1.5-m Kanata telescope at
the Higashi-Hiroshima Observatory, Hiroshima University.
We obtained BVRI-band data using HOWPol in 10 nights
from 2016 Apr 5.3 until Oct 9.4, and also obtained BVRI-
band data using HONIR in 14 nights from Mar 24.3 until
Aug 9.1. For the photometric measurements, we adopted
the Point Spread Function (PSF) photometry task in the
DAOPHOT package (Stetson 1987) equipped with the IRAF
(Tody 1986, 1993). For the calibration of optical photometry,
we used the magnitudes of a nearby comparison star given
in Leonard et al. (2002b) (see Figure 1). The derived opti-
cal magnitudes are summarized in Table 1. Figure 2 shows
the light curve in each band. All magnitudes are given in the
Vega magnitudes throughout the paper.
In the late phase (&150 days), background emission from
the host galaxy may contribute to the total measured flux. To
constrain possible contamination, we use a pre-explosion im-
age taken by the Hubble Space Telescope (HST) on 2001 Jan
24. We found a probable stellar cluster at mF555W = 19–20
mag within the typical PSF radius of our observations (∼2′′)
around the SN. Since the brightness in the plateau phase is
much brighter than that of this source, our magnitudes up to
150 days are reliable within a systematic error of ≃ 0.1 mag
in optical bands. On the other hand, the magnitudes in the
last night (at 203 days) are close to the background source,
and thus we treat this brightness as upper limits of SN fluxes.
Throughout the paper, we focus on the phases before 150 days
and our main discussion is not affected by the presence of the
cluster-like component.
The JHKs-band imaging data were obtained using HONIR
15 http://ned.ipac.caltech.edu/
Figure 1. R-band image of SN 2016bkv in NGC 3184 taken using HOWPol.
The location of SN and comparison star (Leonard et al. 2002b) are marked.
Figure 2. Optical to NIR light curves of SN 2016bkv. The Galactic inter-
stellar extinction (Schlafly & Finkbeiner 2011) has been corrected for. The
host-galactic extinction is estimated to be negligible (see §3) and thus no cor-
rection has been made.
in 14 nights fromMar 24.3 until Aug 9.1. We took the images
using a dithering mode to accurately subtract the bright fore-
ground sky. We reduced the data according to the standard
manner for the NIR data using the PSF photometry method in
IRAF. The magnitude calibrations were performed using the
magnitudes of nearby comparison stars given in the 2MASS
catalog (Persson et al. 1998). The derived JHKs-band magni-
tudes and their light curves are given in Table 2 and Figure 2,
respectively.
We performed optical spectroscopic observations using
HOWPol in 17 nights from Mar 24.3 until Jun 26.3. We used
a grism with a spectral resolution of R ∼ 400 and a spectral
coverage of 4500–9000 Å. We observed spectroscopic stan-
dard stars in the same nights for the flux calibrations. For
the wavelength calibration, we used the sky emission lines
taken in the object frames. The strong atmospheric absorp-
tion bands around 6900 Å and 7600 Å have been removed us-
ing the smooth spectra of the hot standard stars. The obtained
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Table 1
Photometric observations of SN 2016bkv in optical bands.
MJD Epoch B V R I Instrument
(day) (mag) (mag) (mag) (mag)
57471.7 4.4 15.76(0.13) 15.33(0.08) 15.27(0.04) 15.26(0.04) HONIR
57472.7 5.4 15.37(0.07) 15.14(0.06) 15.04(0.04) 15.11(0.04) HONIR
57474.7 7.4 14.96(0.05) 14.68(0.04) 14.68(0.04) 14.72(0.04) HONIR
57475.7 8.4 15.08(0.04) 14.77(0.05) 14.75(0.04) 14.80(0.05) HONIR
57480.7 13.4 — 15.05(0.05) 14.86(0.04) 14.93(0.08) HONIR
57483.6 16.3 15.97(0.04) 15.35(0.05) 15.17(0.04) 15.0(0.08) HOWPol
57486.6 19.3 15.95(0.11) 15.38(0.05) 15.29(0.11) 15.07(0.05) HONIR
57493.6 26.3 16.19(0.04) 15.64(0.05) 15.41(0.05) 15.25(0.05) HONIR
57496.7 29.4 16.40(0.08) 15.79(0.07) 15.55(0.07) 15.32(0.04) HONIR
57497.7 30.4 — 15.76(0.06) 15.53(0.04) 15.30(0.04) HONIR
57509.7 42.4 — 16.2(0.06) 15.67(0.04) 15.34(0.04) HOWPol
57512.6 45.3 17.03(0.13) 16.32(0.06) — — HOWPol
57522.6 55.3 17.37(0.13) — 15.49(0.18) 15.22(0.06) HONIR
57525.6 58.3 — 16.03(0.12) 15.51(0.32) 15.19(0.05) HONIR
57530.6 63.3 17.17(0.13) 16.16(0.12) — 15.21(0.08) HONIR
57553.6 86.3 — 16.01(0.12) 15.43(0.19) 15.04(0.08) HOWPol
57562.5 95.2 — 16.27(0.12) 15.44(0.19) 15.16(0.08) HOWPol
57574.5 107.2 — 15.99(0.12) 15.31(0.19) 14.95(0.08) HOWPol
57586.5 119.2 — 15.88(0.13) 15.28(0.04) — HONIR
57600.5 133.2 — — 15.39(0.07) — HONIR
57609.5 142.2 — 15.99(0.18) 15.37(0.17) — HONIR
57670.8 203.5 19.49(0.13) 18.56(0.18) 17.68(0.17) 17.16(0.08) HOWPol
Table 2
Photometric observations of SN 2016bkv in NIR bands.
MJD Epoch J H Ks
(day) (mag) (mag) (mag)
57471.7 4.4 15.1(0.02) 15.1(0.03) 14.91(0.03)
57472.7 5.4 14.94(0.02) 14.94(0.03) 14.68(0.03)
57474.7 7.4 14.74(0.02) 14.8(0.03) 14.68(0.03)
57475.7 8.4 14.65(0.02) 14.65(0.03) 14.52(0.04)
57480.7 13.4 14.89(0.04) 14.85(0.16) —
57486.6 19.3 14.82(0.02) 14.86(0.05) 14.45(0.07)
57493.6 26.3 14.85(0.03) 14.74(0.03) 14.59(0.04)
57496.7 29.4 14.86(0.02) — —
57497.7 30.4 14.86(0.02) 14.68(0.03) 14.52(0.04)
57522.6 55.3 — 14.63(0.05) —
57525.6 58.3 14.79(0.05) 14.59(0.02) 14.42(0.06)
57530.6 63.3 14.81(0.04) — 14.6(0.08)
57586.5 119.2 14.38(0.04) — 14.29(0.08)
57600.5 133.2 14.4(0.04) — —
57609.5 142.2 14.51(0.03) 14.65(0.06) —
spectra are shown in Figure 3, and the log of our spectroscopic
observations is shown in Table 3.
3. LIGHT CURVES
The observed optical and NIR light curves of SN 2016bkv
are shown in Figure 2. The Galactic extinction of E(B− V) =
0.0144 (Schlafly & Finkbeiner 2011) has been corrected for.
We also derive an upper limit of the total extinction as E(B −
V) . 0.015 by using the equivalent width of Na iD absorption
line (Poznanski et al. 2012) in our stacked spectrum (EW .
0.065 Å). Since the Galactic extinction is close to the upper
limit of the total extinction, we consider that the interstellar
extinction within the host galaxy is negligibly small (E(B −
V) . 0.005).
Figure 4 shows the absolute R-band light curve of
SN 2016bkv, compared with those of other LL SNe IIP
and a normal SN IIP 1999em. For the SNe other than
SN 2016bkv, we adopted the estimates of the explosion
dates from Pastorello et al. (2004), Fraser et al. (2011) and
Spiro et al. (2014) and the total extinction corrections used in
Table 3
Spectroscopic observations of
SN 2016bkv.
MJD Epoch Exposure
(day) (sec)
57471.5 4.2 1600
57472.7 5.4 1400
57474.8 7.5 900
57475.6 8.3 1200
57476.7 9.4 1150
57477.7 10.4 1200
57483.6 16.3 1200
57486.5 19.2 1500
57489.5 22.2 1500
57493.5 26.2 1500
57495.6 28.3 1200
57496.6 29.3 2400
57512.7 45.4 1800
57522.6 55.3 1800
57530.6 63.3 2700
57553.5 86.2 2700
57565.5 98.2 2700
the references. In the mid-plateau phase (∼80 days), the R-
band absolute magnitude of SN 2016bkv is MR ∼−15.0 mag.
This is ∼2 mag fainter than that of the normal SN IIP 1999em.
Among LL SNe IIP, SN 2016bkv is ∼0.2 mag brighter than
SN 2003Z and ∼ 0.5 mag fainter than that of SN 2002gd.
Note that, SN 2016bkv shows a slight brightening toward
∼120 days, reaching MR ∼ −15.1 mag.
The light curves of SN 2016bkv have two remarkable char-
acteristics. One is that the end of the plateau phase (&140 days
after the explosion) is later than those of other LL SNe IIP for
which good data covering the plateau available; ∼110 days
in SNe 2003Z and 2009md (Spiro et al. 2014; Fraser et al.
2011). In fact, this epoch is still later than that of SN 2009ib
(Takáts et al. 2015), which shows the longest plateau length
(∼130 days) among normal SNe IIP.
The other remarkable feature of SN 2016bkv is a bump in
the early phase. The light curves show a peak at ∼7 days after
the explosion. At 2–7 days, the SN shows a rapid brightening
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Figure 3. Spectral evolution of SN 2016bkv. The epoch (days after the ex-
plosion; see § 1) of each spectrum is given in the panel.
Figure 4. The R-band light curve of SN 2016bkv compared with those of
other LL IIP SNe 1997D, 1999br (Pastorello et al. 2004), 2002gd, 2003Z,
2006ov (Spiro et al. 2014), 2009md (Fraser et al. 2011) and normal IIP
SN 1999em (Leonard et al. 2002a).
by about 0.8 mag, 0.65 mag, 0.6 mag and 0.54 mag in the
B-, V-, R- and I-band, respectively. Such bumps in the light
curves are also seen in the V-band light curve of SN 2002gd
(Spiro et al. 2014) and the B-band light curve of SN 2005cs
(Pastorello et al. 2009) but the bump in SN 2016bkv is more
pronounced. The bump gradually decays (by ∼1 mag through
∼30 days in the R-band) and then the SN seems to enter into
the plateau phase.
The decay rates of the bump (s1, as defined by
Anderson et al. 2014) are ∼0.043 and ∼0.03 mag day−1 in
the V-band and R-band, respectively. The amplitudes of the
bump and their decay rates are larger in shorter wavelengths
(Galbany et al. 2016). Figure 5 shows the peak absolute mag-
nitude in the V-band (Mmax) and the decay rate of the bump
(s1) of SN 2016bkv as compared with those of other SNe II
(Anderson et al. 2014). The error includes the uncertainty of
the distance to the host galaxy and the uncertainty of a tran-
sition epoch from the bump into the plateau. From Figure 5,
it is clear that SN 2016bkv shows the fastest decay in SNe II
having similar peak brightness or LL SNe IIP. We will discuss
the features and possible origin of the bump in §5.4.
Figure 5. Relation between absolute peak magnitudes in the V-band and the
decay rates of the initial bumps (s1) for SN 2016bkv and other SNe II (except
for type IIb and IIn). All the data except for SN 2016bkv are taken from
Anderson et al. (2014).
4. SPECTRA
Figure 6. Spectra of SN 2016bkv in the early phase in comparison with LL
SNe IIP 2002gd, 2003Z (Spiro et al. 2014), 1999br (Pastorello et al. 2004)
and IIn 1998S (Fassia et al. 2001) at similar epochs. The fluxes are shown in
the logarithmic scale and arbitrarily scaled to avoid overlaps.
4.1. Spectral Features
Figure 3 shows the spectral evolution of SN 2016bkv from
4 to 98 days. Until 20 days, the spectra are dominated by
a blue continuum, superimposed by a weak and narrow (∼
1000 km s−1 ) emission line of Hα (Figures 3 and 6). After
30 days after the explosion, various absorption lines, e.g., H,
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Figure 7. Spectra of SN 2016bkv at 98 days in comparison with the spectra
of LL SNe IIP 1999br, 1997D (Pastorello et al. 2004), 2002gd and 2003Z
(Spiro et al. 2014) at similar epochs (near the end of the plateau phase).
Sc ii, Fe ii, Ba ii, Ca ii, get stronger with time (Figure 3). No
significant He i line is seen in the spectra. In Figure 7, we
compare the spectra of SN 2016bkv with those of LL SNe
IIP at around 100 days. At this epoch, the overall spectral
features are similar to those in other LL SNe IIP, although
SN 2016bkv shows slightly narrower features than the others.
At this epoch, SN 2016bkv shows a complicated structure of
the Hα line, which is also visible in other LL SNe IIP. These
facts confirm our classification of SN 2016bkv into LL SN
IIP.
Figure 8. Spectrum of SN 2016bkv at 4 days in comparisons with those of
SNe 1998S (Fassia et al. 2001), 2009aj, 2009au (Gutiérrez et al. 2017) and
2013fs (Yaron et al. 2017) at their earliest phases (0.3–8 days).
Although the overall spectral properties of SN 2016bkv
show similarities to other LL SNe IIP, SN 2016bkv
shows some remarkable features in the earliest phases
(Hosseinzadeh et al. 2018, ,see Figure 6). The Hα emission
line at 4 days is narrower than in other LL SNe IIP, with a pos-
sible asymmetric profile truncated at a redder side, and there
is no clear absorption component (see Figure 3). At 8–9 days,
a possible weak absorption component in the bluer side of
the Hα is marginally visible (The detail will be described in
§5.4). After ∼9 days, the absorption component gradually de-
velops (Figure 3). All of these properties are quite different
from those in well-observed LL SNe IIP 2002gd, 2003Z and
1999br (see Figure 6), which show clear P Cygni profiles in
Hα (and Hβ ) at these epochs with larger line velocities.
Narrow Balmer emission lines with a blue continuum are
sometimes seen in SNe II at their early phases. Figure 8 shows
the spectral comparison of SN 2016bkvwith other SNe II with
narrow emission lines and a blue continuum at 0–8 days. In
fact, the overall features of SN 2016bkv match well to those
of SN IIn 1998S (Fassia et al. 2001), whose spectra show the
emission lines of Hα and Hβ , and also the emission lines
around 4600 Å (a blend of highly-excitation lines of C iii,
N iii and He ii ; Shivvers et al. 2017). As also shown in Figure
8, similar emission features are seen in SNe 2009aj, 2009au at
comparable epochs (Gutiérrez et al. 2017). The similarity is
also found for SN 2013fs (iPTF13dqy; Yaron et al. 2017), as
the spectrum was observed much earlier since the explosion.
Given the epochs when these spectra are obtained, the emis-
sions from SNe 2009aj and 2009au may be powered by the
CSM interactions, while those of SN 2013fs are suggested to
be flash ionized (FI) features (Gal-Yam et al. 2014). We dis-
cuss the origin of these features from a viewpoint of possible
CSM-ejecta interaction in §5.3 and §5.4.
4.2. Line Velocities
After the end of the initial bump (∼30 days after the explo-
sion), many resolved absorption lines are seen in the spec-
tra (Figure 3). We made line identifications by following
Pastorello et al. (2004). In LL SNe IIP, the Hα absorption
line around 50 days is often affected by Ba ii λ6497 be-
cause of the slight wavelength difference between Hα and
Ba ii λ6497 (Roy et al. 2011; Lisakov et al. 2017). However,
since the velocity of Hα of SN 2016bkv is slower than that
of other LL SNe IIP (see Figure 9), the profile of Hα of
SN 2016bkv can be clearly isolated from the Ba ii λ6497 be-
tween 45 and 98 days. The line velocities were measured by
fitting a Gaussian function to each absorption line. Figure 9
shows the line velocity evolutions of various absorption lines:
Hβ , Fe ii λ5169,Na i D, Sc ii λ6246, Ba ii λ6497, Hα and
Ca ii λ8662. If we compare the lines created by the same
element at the same ionization state, the velocities and their
evolutions are mutually consistent (e.g., Ca ii NIR triplet).
Thus only representative line velocities are shown in Figure 9.
The velocities and their evolutions are consistent for each ele-
ment; the velocities are about 1,600–2,000 km s−1 at 22 days
and evolves to 1,000–1,600 km s−1 at 85 days. The Sc ii and
Na i D lines exhibit one of the lowest velocities among these
lines.
In normal SNe IIP (e.g., SN 1999em), the Hα line velocities
are always higher than the velocities of other elements at all
the epochs (Leonard et al. 2002a). This trend is, however, not
necessarily true for LL SNe IIP. For example, the faster line
velocity is observed for the Ca IR triplet and Fe ii than the Hα
in SN 2008in at 60-100 days after the explosion (Roy et al.
6 Nakaoka T., et al.
2011). Similarly, in SN 2016bkv, the Ca IR triplet line veloc-
ities are higher than the Hα line velocity after ∼80 days.
Figure 9. Velocity evolutions of the Hα , Sc ii, Fe ii, Na i D, and Ca ii lines
in SN 2016bkv. The open black circles show the line velocity of the weak
absorption component accompanied with the narrow Hα emission line seen
at 8 and 9 days (see § 4.2). We obtain the errors by taking into account the
uncertainties in the wavelength calibration and fitting error. In addition to the
measurements for our spectra, we also added Hα line velocities measured in
the spectra presented by Hosseinzadeh et al. (2018, dashed line).
Figure 10. Comparison of Hα line velocities among LL IIP SNe 2016bkv,
1997D and 1999br (Pastorello et al. 2004), 2002gd, 2003Z, 2006ov
(Spiro et al. 2014), and a normal SN IIP 1999em (Leonard et al. 2002a). The
dashed line for SN 2016bkv shows the velocities measured in the spectra by
Hosseinzadeh et al. (2018).
Figure 10 shows the Hα velocity evolution of SN 2016bkv,
compared with other LL SNe and the normal SN IIP 1999em
(Leonard et al. 2002a). It is clear that LL SNe IIP commonly
show lower velocities than those of SN IIP 1999em over the
entire phases. SN 2016bkv exhibits the lowest velocities
among LL SNe IIP until ∼60 days. Interestingly, SN 2016bkv
shows a slower evolution; the evolution of line velocities af-
ter ∼20 days is flatter than the other LL SNe IIP. The slow
recession of the photospheric velocity means that the photo-
spheric radius (Rph) tends to be large. This may be related to
the slight increase in the luminosity at the end of the plateau
phase (L ∝ R2phT
4) seen in SN 2016bkv.
The Hα velocities at the earliest phases are of interest. At
4, 5, and 7 days, the spectra exhibit the emission line of Hα
, and then, a very weak absorption component is possibly de-
tected at 8 and 9 days. The velocities of these absorption
components are measured as 800–1,000 km s−1 (open sym-
bols in Figures 9 and 10). In these figures, we also added the
measured velocities using the spectra presented by Hossein-
zadeh et al. (2018, dashed line). In addition to the absorp-
tion lines, we also measure the width of the emission line of
Hα . We find that the FWHMs of the emissions are similar
to the blueshift velocities of the absorption lines, i.e., 800–
1,000 km s−1 . These velocities are clearly slower than the ve-
locities of the stronger absorption component which appears
after 26 days (1,700 km s−1 ). Implication from this feature is
discussed in § 5.4.
5. DISCUSSION
5.1. Bolometric Luminosity and 56Ni Mass
Figure 11. SED of SN 2016bkv at 7.4 days after the explosion as compared
to blackbody with different temperatures: the best fit model (in red), models
of higher temperature (8000 K, in blue) and lower one (12000K, in green).
Figure 12. Quasi-bolometric light curve of SN 2016bkv compared with that
of LL SNe IIP 1999br (Pastorello et al. 2004), 2002gd, 2003Z (Spiro et al.
2014) and a normal SN IIP 1999em (Leonard et al. 2002a). For all the
SNe, the quasi-bolometric luminosities are derived by blackbody fitting in
the BVRI-band wavelength range.
We derived quasi-bolometric luminosities by integrating the
BVRI-band fluxes as follows. First, the extinction-corrected
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BVRI-band magnitudes were converted into fluxes using fil-
ter parameters (Bessell 1990) and the zero-magnitude fluxes
(Fukugita et al. 1995). Then, we fitted the spectral energy dis-
tributions (SEDs) with the blackbody function. Finally the
flux is integrated by using the best-fit blackbody parameters.
In the blackbody fit, we have included the JHKs-band if avail-
able, in order to constrain the temperature as accurately as
possible. We then integrated fluxes in the BVRI-band wave-
length region. The quasi-bolometric luminosities of other LL
SNe IIP were also calculated in the same manner. This allows
fair comparisons to the other samples, as the NIR data are not
always available.
Figure 11 shows the SED with BVRIJHKs-band flux and
the best-fit blackbody function at 7.4 days after the explosion
(at the peak of the early bump). The blackbody temperature is
obtained to be 9, 600±600K. The temperature of LL SNe IIP
2002gd at 5.7 and 9.1 days are 12,700 K and 9,700 K, respec-
tively (Spiro et al. 2014). Note that since there is no data at
ultraviolet wavelengths and the temperature estimate in par-
ticular at T > 10, 000 K is somewhat uncertain. To illustrate
this uncertainty, the blackbody functions with the temperature
of ∼12, 000 and ∼8, 000 K are also shown in Figure 11. This
uncertainty affects the bolometric luminosities up to by a fac-
tor of about two.
Figure 12 shows the quasi-bolometric light curve of
SN 2016bkv, compared with those of other LL SNe IIP and
the normal SN IIP 1999em. As in the multi-color light curves,
the bolometric luminosity of SN 2016bkv clearly shows a
bump (&1 mag) in the early phase. As expected, the lumi-
nosities of SN 2016bkv are always ∼7 − 10 times fainter than
those of the normal SN IIP 1999em. In comparisons with LL
SNe IIP, the luminosities of SN 2016bkv are comparable to
those of SN 2002gd before peak. After the bump (∼30 days),
the luminosities of SN 2016bkv become 2–3 times fainter
than those of SN 2002gd, and become comparable to those
of SN 2003Z.
Finally we give a constraint on the 56Ni mass of
SN 2016bkv using the luminosity at the tail. As discussed
in § 2, we only obtain an upper limit of the luminosity in
the late phase due to the background emission from the host
galaxy. By using the quasi-bolometric luminosity at 201 day
and assuming a relation between the tail luminosity and the
56Ni mass suggested by Hamuy (2003), we obtain the upper
limit of M(56Ni ) . 0.01M⊙. Our upper limit of the optical lu-
minosity at ∼200 days is close to the observed luminosity pre-
sented by Hosseinzadeh et al. (2018). Therefore, the ejected
mass of 56Ni is, in fact, likely to be M(56Ni ) ∼0.01M⊙. This
is between the typical 56Ni masses of other LL SNe IIP and
those of normal SNe IIP (Spiro et al. 2014).
5.2. Progenitor
The observed properties of SNe IIP reflect the radius and
mass of the progenitor and the energy of the explosion. If
the density structure and temperature are described in a self-
similar manner for different SNe, the timescale of the plateau
(tEoP,sn)16 and the plateau luminosity (Lsn) are scaled as fol-
lows (Kasen & Woosley 2009):
tEoP,sn ∝ E
−1/6M
1/2
ej R
1/6
0 κ
1/6T
−2/3
I
, and
16 In this context, we consider that the bump component is additional to
the underlying plateau one. Thus, we define tEoP,sn as the epoch of the end of
the plateau.
LSN ∝ E
5/6M
−1/2
ej R
2/3
0 κ
−1/3T
4/3
I
, (1)
where E is the kinetic energy of the ejecta, Mej is the ejecta
mass, R0 is the radius of progenitor star, κ is the opacity, and
TI is the ionization temperature. Replacing the kinetic energy
by the ejecta velocity (vej), using E ∝ Mejv2ej, the relations (1)
lead to the following expressions:
tEoP,sn ∝ v
−1/3
ej M
1/3
ej R
1/6
0 κ
1/6T
−2/3
I
, and
LSN ∝ v
5/3
ej M
1/3
ej R
2/3
0 κ
−1/3T
4/3
I
. (2)
Since it is a sound approximation that κ and TI are the same
for different SNe, two quantities, Mej and R0, are constrained
from tEoP,sn, LSN, and vej.
Here we estimate the properties of SN 2016bkv, us-
ing equations above. We first use SN 2003Z for refer-
ence, whose properties have been extensively studied with
numerical light-curve models (Pumo et al. 2017, M03Z =
11.3 M⊙,R03Z = 260 R⊙). As the photospheric velocity,
we use the line velocity of the Sc ii line (Leonard et al.
2002a). The ratio of velocity of SN 2016bkv to that of
LL SN IIP 2003Z (v16bkv/v03Z) is ∼ 0.8 around 60 days.
Using this velocity ratio, the ratio of tEoP,sn between
SN 2016bkv (t16bkv) and SN 2003Z (t03Z) is expressed as
follows: t16bkv/t03Z ∼ 1.1(M16bkv/M03Z)1/3(R16bkv/R03Z)1/6.
We can similarly derive the ratio of the luminosity as
(L16bkv/L03Z) ∼ 0.65(M16bkv/M03Z)1/3(R16bkv/R03Z)2/3. From
our data, t16bkv/t03Z is given as ∼ 1.4 (see Figure 4) and
L16bkv/L03Z is ∼ 1.0 (see Figure 12). Here we use L03Z =
1 × 1041 erg s−1 and t03Z = 110 days, respectively. There-
fore, we derive M16bkv/M03Z ∼ 1.7 and R16bkv/R03Z ∼ 1.5,
suggesting that the ejecta mass is larger in SN 2016bkv.
We also perform similar analysis using SNe 1999br and
2008bk (Pastorello et al. 2004; Lisakov et al. 2017). We ob-
tain similar tendencies, i.e., a larger ejecta mass than these LL
SNe IIP, i.e., 1.2 and 2.4 times larger than these objects, re-
spectively. By adopting the explosion parameters presented
by Zampieri et al. (2003); Lisakov et al. (2017); Pumo et al.
(2017), we derive the ejecta mass and progenitor radius of
SN 2016bkv to be 16.1–19.4 M⊙ and 180–1080 R⊙, respec-
tively (Spiro et al. 2014). It should be noted, however, that
since the methods to estimate the explosion parameters are
different in different papers, the absolute values include large
systematic uncertainties.
From these results, we suggest that the progenitor of
SN 2016bkv is more massive than the progenitors of other LL
SNe IIP. It should be noted that Hosseinzadeh et al. (2018)
suggest a relatively low mass (∼9 M⊙) progenitor from the
nebular spectra, in particular from the weakness of the [O i]
line. However, such a low-mass progenitor is unlikely to re-
sult in a late tEoP,sn for &140 days as derived for SN 2016bkv
(see Sukhbold et al. 2016). On the other hand, our estimate
using the properties observed of the plateau phase has a differ-
ent possible systematic error, based on the assumption that the
same scaling relations of normal SNe IIP (Eqs. 1 and 2) are
applicable to LL SNe IIP. Therefore, the derived properties
are subject to uncertainties. We need more detailed, consis-
tent modeling of both light curves and spectra from the early
to nebular phases.
5.3. Properties of CSM Inferred from the Early Bump
Emission
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SN 2016bkv shows a clear bump in the optical light curves
in the early phases. In addition, the early spectra show a nar-
row Hα emission line with a blue continuum. These prop-
erties suggest the interaction between the SN ejecta and the
circumsetellar matter (CSM) as in SNe IIn. The signatures of
the interaction are seen until ∼20 days.
The luminosity arising from the interaction between the SN
ejecta and CSM can be estimated as
L = 4πr2s ·
1
2
ρv3ejǫ, (3)
where rs is the radius of the shock and ǫ ∼ 0.1 is a conversion
factor from the kinetic energy to radiation (Moriya & Maeda
2014). At the peak of the bump, 7.4 days after the explosion,
the luminosity of the bump component is L = 4× 1041 erg s−1
. Here we extract the luminosity of the bump component from
the total luminosity at 7–9 days by subtracting the plateau
luminosity at 40–60 days (assuming that the SN luminos-
ity is constant). The plateau component accounts for about
one third of the total flux (see Figure 12). Assuming that
the ejecta velocity is vej ∼ 2, 000 km s−1 , which is ob-
served in Hα absorption at 22 days (Figure 9), the radius
reaches rs ∼ 1, 800 R⊙ at the peak of the bump. Then we
obtain the mass loss rate of M˙0/uv,5 = 1.7 × 10−3 M⊙ yr−1
where M˙0 is the mass loss rate and uv,5 is the wind veloc-
ity normalized to 105cm s−1 . The CSM mass within rs is
MCSM ∼ 6.8 × 10−2 M⊙.
If we assume a typical velocity of the red supergiant (RSG)
wind, uv,5 = 10 (i.e., 10 km s−1 ), the mass loss rate is M˙ ∼
1.7 × 10−2 M⊙ yr−1 . Then, the CSM within the shock radius
rs corresponds to the mass loss in the final 4.1 years. These
results are consistent with those presented by other studies
for the SNe II showing early bumps (e.g., Morozova et al.
2017; Moriya et al. 2017), suggesting that the progenitor of
SN 2016bkv has also experienced an intensive mass loss just
before the SN explosion.
The dense CSM derived above might also follow a
strong flash ionized (FI) features (e.g., Gal-Yam et al. 2014;
Khazov et al. 2016), if there would have been a sufficiently
strong ionizing flux 17. However, at the peak of the bump, this
effect is likely insignificant already, since the FI features are
typically found only within the first day as seen in SN 2013cu
and some other SNe (Gal-Yam et al. 2014) and soon disap-
pear following the decay of the UV flux from an SN. In ad-
dition, SN 2016bkv is a LL SN IIP and the ionizing photon
would be less intense than those in normal SNe IIP, leading
to fainter FI features. Therefore, we do not attribute the emis-
sion lines in the early phase to the FI features. It is possible
that SN 2016bkv might have shown a genuine FI feature, if it
would have been observed within the first day. Adopting the
properties of CSM as derived above, we estimate that a strong
Hα emission (LHα ∼ 7 × 1040 erg s−1 ) should have existed if
such an observation would have been performed within a day
after the explosion. Interestingly, SN 2013cu and SN 2016bkv
show common emission lines of C iii/N iii at ∼3 − 4 days.
These features may be caused by ionizing photons from the
on-going interacting region.
5.4. Possible Eruptive Mass Loss
17 We use the terminology of FI features for the features produced by ra-
diative ionization from shock breakout either at the stellar surface or at the
dense CSM.
During several days just after the bump peak (7–10 days
after the explosion), spectra of SN 2016bkv show a hint of a
weak Hα absorption with the velocities of 800–1000 km s−1 .
The origin of this feature could be distinct from the strong P
Cygni features with the broader emission lines after ∼26 days
(Figure 3), which are produced by the SN ejecta. As discussed
in § 5.3, the bump in the light curve and narrow emission
lines at the early phases are likely to be caused by the CSM
interaction. In this context, we speculate that the absorption
component might be originated in the unshocked CSM. The
observed velocities (800–1,000 km s−1 ) are much higher than
a typical wind velocity of RSGs. This suggests that the pro-
genitor star might have experienced a sudden, eruptive mass
loss ejecting ∼ 6.8× 10−2 M⊙ within rs at only 0.2 years prior
to the explosion. Although it is rather speculative, it may be
the case given the large uncertainty in the mass loss of the
progenitor just before the explosion. However, the gradual in-
crease of the Hα velocities from 1,000 to 2000 km s−1 (Figure
9), is not well explained if the low velocity component is at-
tributed to unshocked CSM. Dense observations at the early
phases are necessary to fully understand possible activities of
the progenitor of LL SNe IIP.
6. CONCLUSIONS
We present our optical and NIR observations of the low-
luminosity Type IIP SN 2016bkv. Our observations cover the
initial rising phase through the plateau phase, and make this
object one of the best observed LL SNe IIP. The end of the
plateau is the latest (&140 days) among other LL SNe IIP. In
the initial phase, SN 2016bkv clearly shows a bump (&1 mag)
in the light curves. The bump peaks at ∼7 days after the ex-
plosion. During this initial phase, optical spectra show a blue
continuum and narrow H emission lines. These features sug-
gest the interaction between the SN ejecta and the CSM.
Using the scaling relations for the timescale of the plateau
and its luminosity, the ejecta mass of SN 2016bkv is estimated
to be larger than those of other LL SNe IIP. From the luminos-
ity of the early bump and the Hα line emission, we conclude
that the progenitor star has a relatively massive CSM in the
vicinity of the progenitor star. If the CSM has been produced
by the stellar wind in the progenitor, the required mass loss
rate is estimated to be ∼1.7 × 10−2 M⊙ yr−1 and the accumu-
lated mass of the CSM is ∼6.8×10−2 M⊙ at least within several
years before the SN explosion (for the assumed wind velocity
of 10 km s−1 ). The mass loss rate inferred for SN 2016bkv is
comparable to or even larger than the largest mass loss rate es-
timated for RSG stars in the Milky Way (e.g., ∼10−3 M⊙ yr−1
for VY CMa; Smith et al. 2009).
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